suggest a bilateral effect with unilateral torsion. Nagler and de Vere White (1982) demonstrated that unilateral torsion caused contralateral histological damage. Consentino et al. (1984) bred rats after unilateral torsion and demonstrated diminished fertility.
The exact mechanism of contralateral testicular damage still remains unclear; immunological responses, subclinical attacks of contralateral testicular torsion, underlying congenital defects, release of acrosomal enzymes, and alterations in the blood ow have all been proposed (Merimsky et al. 1984 , Tanyel et al. 1989 , Anderson & Williamson 1990 ), but none has been universally accepted. However, to our knowledge there have been no comparative studies on the effects of unilateral testicular torsion on the contralateral testis with regard to the cycle of the seminiferous epithelium (CSE).
The CSE has been de ned as a complete series of the successive cellular associations appearing in any one given area of the seminiferous tubule and de ned by the stage of development of the spermatids (Leblond & Clermont 1952) . Several enzymes, steroid hormones, synthesis and secretion of protein and other factors have been shown to vary during the CSE (Parvinen et al. 1986) . The determination of the CSE stages affected in the contralateral testis by unilateral testicular torsion could provide useful data on the mechanism causing contralateral damage. Therefore, the objective of the present study was to evaluate the effects of unilateral testicular torsion in rats on the CSE stages of the contralateral testis in animals with detorsion or orchiectomy.
Materials and methods
Study groups comprised 55 male Wistar rats (250-275 g), 60 days old, routinely reproduced at Instituto Nacional de Pediatría, Mexico. All animals were treated humanely to minimize discomfort in accordance with the ethical principles and regulations speci ed by the Animal Care and Use Rats were housed individually in polycarbonate cages with solid bottoms (508 3 408 3 204 mm; Laboratory Products, USA), with sterilized dust-free wood shavings as bedding material, which was changed three times per week. They were fed on a commercial pellet diet (LabDiet 5001, PMI ® Nutrition International, Inc., Brentwood MO, USA) and had free access to tap water. Water was changed daily. The cages were kept in an experimental room of the same facility designated as a partial barrier unit at an average temperature of 21 6 48 C. Relative humidity was maintained at 52 6 10%. Lighting was provided articially by uorescent tubes at a 12 h light and 12 h darkness cycle, starting at 07:00 h. Incoming air was ltered and changed totally 10 times per hour.
The animals were randomly divided into 11 subgroups containing ve rats each. All surgical procedures were performed under ketamine anaesthesia (100 mg/kg body weight; Sigma Chemical Co., St Louis, MO, USA) intraperitoneally using sterile techniques.
Torsion, detorsion, orchiectomy and sham surgery were all performed through standard ilioinguinal incisions. Unilateral testicular torsion was created by rotating the right testis clockwise along their longitudinal axis 7208 from its initial position and newly placed in the scrotum. Torsion was maintained in position by xing the testis to the scrotum with an atraumatic silk suture (4/0) through the tunica albuginea (Reyes et al. 1997 , Dokucu et al. 2000 . Ilioinguinal incisions were closed after surgery and rats were transferred to clean cages for recovery. Later, they were re-anaesthetized for the following procedures:
Group I: Torsion/detorsion (subgroups 1-5)-Testicular detorsion was performed after an interval of 3 h (subgroup 1), 6 h (subgroup 2), 12 h (subgroup 3), 24 h (subgroup 4) or 48 h (subgroup 5). The ilioinguinal incision was re-opened and the degree of torsion was checked to ensure that it had been maintained as originally set. The surgical silk suture was removed and the twisted testis was rotated counter clockwise until returning to its normal position. Group II: Torsion/orchiectomy (subgroups 6-10)-For this group, the removal, without detorsion, of the affected testis was performed after an interval of 3 h (subgroup 6), 6 h (subgroup 7), 12 h (subgroup 8), 24 h (subgroup 9) or 48 h (subgroup 10) of unilateral testicular torsion. Group III: Control/sham (subgroup 11)-During the sham operation, the right testis was rotated along its longitudinal axis 7208 from its initial position for 30 s and immediately counter-rotated to its original alignment.
The animals were allowed to recover and received butorphanol (30 mg/kg, Sigma Chemical Co.) subcutaneously for postoperative analgesia (Kolski et al. 1998) .
After 60 days, the animals were killed by anaesthetic overdose for histological study.
Histological study
At the designated time, all animals received a lethal dose of pentobarbital sodium (100 mg/kg body weight; P zer, S.A. de C.V., Toluca, Estado de Mexico, Mexico) between 10:00 h and 11:00 h to prevent circadian variations. Five animals from each subgroup were randomly selected for this study. The contralateral (untwisted) testes were perfused and xed by direct puncture of the cranial pole testicular artery using Karnovsky solution (1965) without Ca 21 , and post-xed in 1% OsO 4 (Merck KgaA, Darmstadt, Germany) in Zetterqvist's buffer (1956) . Tissue samples were processed for routine epoxy resin embedding (EMBed-S812, Electron Microscopy Sciences, Fort Washington, Philadelphia, USA). Semithin, 1 m m thick, sections were cut with an ultramicrotome (Leica, Ultracut UCT, Vienna, Austria) and stained with 1% toluidine blue (Sigma Chemical Co.). All histological examinations were performed by a single observer in a blind, randomly numbered fashion. For each animal, at least 40-50 sections of their seminiferous tubules were studied. Therefore, 200-250 tubule sections for each subgroup were analysed. Each semithin section was examined in detail, looking for speci c lesions. The following morphological criteria were used for determining the extent of damage in the seminiferous tubules (Chakraborty et al. 1986 : (i) presence of intraepithelial vacuoles; (ii) presence of degenerating germ cells; (iii) loss of germ cells, i.e. tubules containing some spermatogonia, spermatocytes and Sertoli cells; (iv) hypoplasia of germ cells, i.e. tubules without any type of germ cells except the spermatogonia; and (v) degeneration and infolding of the basement membrane. The Leblond and Clermont (1952) classi cation was used for identifying the different stage(s) of the spermatogenic cycle most sensitive to torsion/detorsion and torsion/orchiectomy.
The number of affected tubules for each group and subgroup was determined and the percentage of affected tubules was calculated based on the CSE stages.
At least 40 or more suitably orientated cross-sections of seminiferous tubules from each animal were used for the measurement of tubular cross-sectional area, which was done using a microscope tted with a digital video camera and an image-analysis system (Metamorph, Universal Imaging Corporation, PA, USA). The number of suitable transverse tubular cross-sections depended on the actual size of the piece of tissue taken and the orientation of the tubules within the section.
Statistical analysis
The Kruskal-Wallis test was used for comparisons between percentages of affected seminiferous tubules for each group and the stage of the spermatogenic cycle. Seminiferous tubule cross-sectional areas for each subgroup and group were compared using one-way analysis of variance analysis followed by Tukey's test. The a -level was set at 0.05.
Results

Histology
In the torsion/detorsion and torsion/ orchiectomy groups, the contralateral testis showed various signs of degenerative changes in the seminiferous tubules. Degenerative changes included clusters of vacuoles in the seminiferous epithelium. Vacuoles occurred in small or large clusters with the occasional presence of large vacuoles, from the basal to the apical portion of the tubules. Moderate to severe exfoliation of germ cells leading to vacuolization, as well as the presence of multinucleated cells (spermatids in step 7 of spermiogenesis) and many degenerating germinal cells were also observed. In the sham-operated group, damage was only indicated by the occasional presence of small vacuoles (Fig 1) .
The total percentage of affected tubules in the contralateral testis in the torsion/detorsion group was signi cantly higher (58.6%) than in the torsion/orchiectomy group (48.0%). Control animals always showed less tubule damage (3.2%, P , 0.05), which was considered to be very mild compared to that in the torsion/detorsion and torsion/ orchiectomy groups. In addition, in the torsion/detorsion and torsion/orchiectomy groups, a great number of seminiferous tubules between stages VI-XI CSE were affected (P , 0.05, Table 1 ). However, stages IX-XI of the spermatogenic cycle were the most affected when compared with the rest of the stages (P , 0.05, Table 1 ).
The cross-sectional area of the seminiferous tubules did not show signi cant changes in the contralateral testis (Table 2) of the three different groups analysed (torsion/detorsion, torsion/orchiectomy and control/sham-operated groups).
Discussion
Several experimental studies on different animal species have documented that unilateral testicular torsion can produce pathological changes in the contralateral testis (Nagler & de Vere White 1982 , Reyes et al. 1997 ) with a reduction in fertility (Chakraborty et al. 1986 ) and abnormal Signi cant increase compared to torsion/detorsion versus torsion/orchiectomy groups sperm production (Jhunjhunwala et al. 1986) , as occurs in humans (Bartsch et al. 1980 , Anderson & Williamson 1990 ). The exact mechanism of damage in the contralateral testis is not clear. However, these studies did not consider the CSE stages in the analysis of their results. It has been reported that several enzymes, steroid hormones, synthesis and secretion of proteins and other factors vary during the CSE (Parvinen et al. 1986 ). The morphological pattern of stage damaged was very similar to that produced in rats after treatment with monospeci c LH antiserum (Huang & Nieschlag 1986 , Awoniyi et al. 1989 . On the other hand, the formation of multinucleated cells, constituted by young spermatids showed in this study, has been observed in rats using D-thio-glucase (Neumann 1984) . This is a compound that interferes with glucose metabolism (Chen & Whistler 1975) . Glycolysis in Sertoli cells is regulated by testosterone, insulin, FSH, and other pituitary hormones (Ford & Hamilton 1984) . It may indicate some kind of change in the action of these hormones on the spermatogenic cycle. Data generated by other authors have shown that the reduction in fertility resulting from unilateral torsion in both humans (Bartsch et al. 1980 and laboratory animals (Janetschek et al. 1988) is not a consequence of a disturbance in serum testosterone levels.
It has been reported that unilateral testicular torsion produces a reduction of blood ow in the non-twisted testis, which gradually increases after the detorsion procedure (Tanyel et al. 1989 , Kizilcan et al. 1992 and involves the generation of toxic reactive oxygen species (for example, hydrogen peroxide, hydroxyl radical, superoxide anion) that may damage several cellular components by peroxidation of cell membrane lipids (Akgür et al. 1994a) . Experimental studies have revealed that unilateral testicular torsion results in an increase in lipid peroxidation products such as lactic acid, hypoxanthine and thiobarbituric acid reactive products in the contralateral untwisted testis (Akgür et al. 1994a , Saba et al. 1997 .
The fact that testicular torsion mostly affected stages VI-XI, suggests a higher vulnerability-than other stages-to the effects of toxic reactive oxygen species by the cellular elements. Superoxide dismutase (SOD) is a key component in testis cell growth, differentiation and protection (scavenging superoxide radicals by catalyzing their dismutation to hydrogen peroxide and oxygen). Sertoli cells express SOD, and pachytene spermatocytes and round spermatids express even higher levels of SOD (Saba et al. 1997) . In agreement with these observations, the morphological changes due to testicular torsion mainly occurring in stages VI-XI and their cellular elements could be associated with a decrease in SOD levels in the contralateral testis (Sarica et al. 1997) . Several studies have shown that applying substances to prevent the formation of oxygen free radicals or scavenging them before testicular detorsion, signi cantly diminishes damage in the contralateral testis (Akgür et al. 1994b , Vigueras et al. 1998 .
Another aspect of testicular torsion pathology is that the contralateral testis in the torsion/detorsion group was signi cantly more affected (58.6%) than those of the torsion/orchiectomy group (48.0%). An explanation for this could be that after the detorsion procedure, reperfusion not only increased blood ow but also increased the presence of oxygen free radicals, which caused cellular damage through lipid peroxidation (Bulkley 1987 , Akgür et al. 1994a . It has been reported that the tissue SOD level decreased more in animals that underwent detorsion procedures than in orchiectomized animals (Sarica et al. 1997) .
No signi cant changes were noticed with respect to the seminiferous tubule crosssectional area of the affected contralateral testis in any group. This is consistent with previous studies showing that the seminiferous tubular cross-sectional area does not appear to be of value in determining the extent of damage to the contralateral testis when unilateral testicular torsion occurs in rats and guineapigs (Chakraborty et al. 1986) .
We conclude that unilateral testicular torsion is a pathological process that affects stages VI-XI of CSE in the contralateral non-twisted testis in torsion/detorsion and torsion/orchiectomy states. These, coincidentally, are the stages that express low SOD levels.
